Abstract. Acacia longifolia, a native legume from Australia, has been introduced in many European countries and elsewhere, thus becoming one of the most important global invasive species. In Europe, its flowering occurs in a period unsuitable for insect activity: nonetheless it is considered entomophilous. Floral traits of this species are puzzling: brightly coloured and scented as liked by insects, but with abundant staminate small-sized flowers and relatively small pollen grains, as it is common in anemophilous species. Invasion processes are especially favoured when reshaping local ecological networks, thus the interest in understanding pollination syndromes associated with invasive plant species that may facilitate invasiveness. Moreover, a striking difference exists between its massive flowering and relatively poor seed set. We introduced a novel approach: first, we consider the possibility that a part of the pollination success is carried on by wind and, second, we weighted the ethological perspective of the main pollinator. During the flowering season of A. longifolia (February-April 2016), we carried on exclusion experiments to detect the relative contribution of insects and wind. While the exclusion experiments corroborated the need for pollen vectors, we actually recorded a low abundance of insects. The honeybee, known pollinator of acacias, was relatively rare and not always productive in terms of successful visits. While wind contributed to seed set, focal observations confirmed that honeybees transfer pollen when visiting both the inflorescences to collect pollen and the extrafloral nectaries to collect nectar. The mixed pollination strategy of A. longifolia may then be the basis of its success in invading Portugal's windy coasts.
Introduction
Pollination and seed set are crucial aspects of any plant species. Flower traits evolved in different directions, following pollen dispersion by wind or animals (Faegri and Van der Pijl, 1979; Culley et al., 2002) . Angiosperms differentiated flowers, e.g. the costly features, along the two most common vectors: bees, among biotic vectors, and wind, among abiotic. When the vectors are bees, flowers are complex structures since they have to counterbalance visitor needs, the heterogeneity of handling strategies and discriminating abilities, with a special focus on attractiveness. Flowers show colourful corollas, provide a landing surface, and are scented (Proctor et al., 1996) . The pollen is produced in relatively low quantities, and it is often associated with another resource, the nectar. Instead, when the vector is wind, colours and scents are not needed, and the overall structure of the flower is reduced by avoiding a conspicuous corolla. Flowers are often small and abundant, with numerous stamens yielding large quantities of pollen with nectar not being produced (Ackerman, 2000) . It is generally expected that anemophilous flowers are as a result unattractive to bees. Yet, pollen abundance turns them into unforeseen showy displays, incidentally attracting the bees when flowering occurs in coincidence with their foraging activity (Aronne et al., 2012) . Pollen is a compelling resource for bees, and they can count on plasticity of behaviours to overcome handling inconvenience of anemophilous flowers (Giovanetti and Aronne, 2011) . This may translate into misinterpretations after recording bee presence on flowers. There is still no consensus: are bees contributing to the pollination of (some) anemophilous species? On the opposite side, to what extent may wind be implied in the pollination of (entomophilous) ones? Too many variables and evolutionary paths are involved in pollination strategies to be successful in designing a solid expectation for seed set, even based on a single pollination scenario taken into account. There are some good reviews to acknowledge that clarify the complexity of the topic and the difficulty in developing sound theoretical background, either using simulation models or more classical approaches. Friedman and Barrett (2009) pointed out the lack of studies on the reproductive characteristics of wind pollinated species (e.g. frequency of pollen limitation, investment in male vs. female flowers, pollen transfer efficiency) that may help in understanding and predicting the evolution of anemophily. Another sound review is that of Goulson (1999) , who pointed out the many variables related to the foraging strategies of insects gathering pollen and nectar (source search and distribution patterns, discrimination among individual flowers, competition, decision making processes) directly involved in plant ecology and evolution. More recently, Del-Claro et al. (2013) underlined the urgency of addressing plant-animal interactions from a wider perspective, including aspects of life histories, biology and behaviour besides trophic relationships. Possibly a neglected aspect of pollination issues is the concept of ambophily. As we gather more information on the aspects of co-occurring animal and wind pollination, the more we may understand of the transition from one strategy to the other and the expected outcomes in terms of seed set.
The reproductive success of a plant species relies on the pollination mode adopted, and the success is even more striking when it is about IAS (invasive alien species). IAS have expanded rapidly in the last 100 years. Their expansion brought about extensive effects on biodiversity, ecosystem services, soil composition, wildfire regimes, yield losses, and even public health issues. Among IAS, acacias show outstanding abilities, they can alter water balance and carbon gain of native species (Rascher et al., 2011a) , vegetation structure and regeneration on dunes (Rascher et al., 2011b; Del Vecchio, 2013) , as well as alter soil, bacterial, fungal and plant communities (Lazzaro et al., 2014) . Australian acacias have been intentionally introduced for reforestation or horticultural purposes . On Portuguese coastal dunes, Acacia longifolia (Andrews) Willd. is one such introduced species (Castroviejo et al., 1998 and Breton et al., 2008) . Negative impacts have been recorded on native biodiversity (e.g. Hellmann et al., 2011; Marchante et al., 2003) , ecosystem functioning and community structure (Rascher et al., 2011a (Rascher et al., , 2012 Ulm et al., 2017) . Even if literature exists on acacia flower characteristics and their reproductive conditions (reviewed by Stone et al., 2003, and by Kenrick, 2003) , pollination and seed set are still poorly known for many species, especially in invaded areas.
Acacias have always been considered to address only biotic pollination. Acacia inflorescences can be spotted from a distance due to their bright yellow colour and they also have a delicate scent. Some species (e.g. A. longifolia and A. pycnantha) are known to produce nectar, although on EFN (extrafloral nectaries), during the flowering season (Thorp and Sugden, 1990) . Nectar produced by A. pycnantha was highly attractive to foraging honeybees in an invasion area in Italy (Giovanetti et al., 2015) . Based on these features, it was long assumed that Acacia pollination is due to insects (Tybirk, 1997) . In Australia, previous studies showed that Hymenoptera were the most important taxa, compared with other insect groups (Knox et al., 1985; Bernhardt et al., 1984) . Bernhardt (1987) found A. mellifera to be the most abundant foraging bee on A. longifolia in the plant's home range, where A. mellifera is, nonetheless, introduced. Behavioural observations, as suggested by Del-Claro et al. (2013) , may give important insight into co-evolutionary mechanisms. That was the case for data on honeybee time of pollen and nectar collection on the invasive A. pycnantha. Bee activity perfectly matched the time of resource release, occurring at a different time of the day and, for nectar, also physically distant from the flowers. This happened notwithstanding the lack of a long-term co-evolution in time and space between the alien plant and the native pollinator (Giovanetti et al., 2015) . The problem for sexual pollination of acacias in invaded areas is that the majority of species bloom at the very end of the winter, when weather conditions are still prohibitive for insect activity. Therefore, matching bee pollination may be reduced to few mild and warm days. How is it then possible that acacias are so successful?
Anemophily advocates for an abundant number of staminate small-sized flowers, lacking a fully developed corolla and grouped into an inflorescence (Faegri and Van der Pijl, 1979; Proctor et al., 1996) . In addition, pollen grains are small in diameter here relative to biotically pollinated plants (i.e. 20-60 µm vs. < 200 µm; Ackerman, 2000) . Acacias match the above characteristics defined for anemophilous species. They form dense inflorescences and show numerous flowers per flower head, abundant stamens per flower, and functionally male flowers (Correia et al., 2014; Giuliani et al., 2016) . Pollen diameter is 30-70 µm in most Australian acacias (Guinet, 1981) , and even if rarely taken into account, acacia pollen was recorded in aerobiological surveys of South America, Jordan, and Italy (Sanchez-Medina and Fernandez, 1966; Al-Eisawi and Dajani, 1988; Romano, 1988; Hurtado and Alson, 1996) confirming that wind is able to conveniently handle the polyad (composite pollen grains). Moreover, some environmental conditions are supposed to favour anemophily, such as low species diversity and higher proportions of conspecifics (Ackerman, 2000) . In fact, this is what we observe in invaded areas, where acacias form dense aggregations of a single or few species (Marchante et al., 2003) . Wind may then be the alternative strategy helping acacia reproduction in invaded areas.
Acacia is a genus with an outstanding number of species: 1064 combining Asian, Australian, and Pacific data (http://worldwidewattle.com/infogallery/species/; verified on 24 June 2017). Since Acacia species are usually self-infertile, we planned exclusion experiments to verify the relative contribution of wind and insects to pollination. Pods from crosspollination have previously been found to have more seeds per pod than those from self-pollination (Correia et al., 2014) , as expected. Correia et al. (2014) performed pollination experiments in Portugal that took into account open pollination, supplementary pollination, spontaneous autogamy, and self-pollination. But no study has yet verified the relative contribution of wind and insects to acacia seed set. On A. longifolia, insect activity is expected to be low, considering that flowering occurs at the end of winter. Honeybees have seldom been collected or recorded (Silva, 2012; Correia et al., 2014) and records lack any behavioural observation demonstrating the active involvement of the honeybee in pollen transfer at this time of the year. In fact, honeybees resuming activity after winter dormancy may be unable to keep the constancy needed for successful pollination, due to the unsuitable weather conditions. However, if we allow wind access to inflorescences, and if wind is actually able to carry and disperse pollen grains successfully, its contribution may increase cross-pollination occurrence on coastal dunes and, when compared to self-pollinated, pods should have more seeds. Similarly, insect access to inflorescences is anyway expected to increase seeds per pod, due to the well-known ability for pollen collection and transfer by bees. We planned behavioural observations, to confirm if the activity carried out on flowers was associated with pollen transfer, introducing ethological inferences on recorded pollinator activity.
Materials and methods
The study was carried out in the coastal area of Alentejo (Vila Nova de Milfontes, Portugal). The field site (Herdade dos Nascedios) is included in the protected area of Parque Natural do Sudoeste Alentejano e Costa Vicentina, a patch of natural coastal vegetation (often invaded by Acacia longifolia and Acacia saligna) and cultivated land (equally invaded on its margins). Exclusion experiments were carried out along a road on the margin of cultivated land, where A. longifolia was abundantly growing under Eucalyptus globulus trees. In the fields, the ongoing cultivation was that of peas, but these were not flowering at the time of observations. A honeybee survey was conducted in an adjacent area of secondary dunes that has been heavily invaded by acacias shrubs. The native plant community of the sand dunes forms an open structure with a low cover of shrubs, herbs and isolated pine trees exposed to high temperatures, high solar irradiance levels, and drought. The dominant native species includes S. spectabilis (Fabaceae), a sclerophyllous xerophytic N 2 -fixing species, morphologically characterized by small spiny phyllodes; C. album, a characteristic shrub species of coastal dunes, coastal cliffs, and in later successional stages on coastal habitats; several semi-deciduous typical mediterranean shrubs such as the semi-deciduous Cistus species (e.g. C. monspeliensis and C. crispus), Lavandula spp., and Rosmarinus officinalis; and other typical sand dunes species such as Helichrysum picardii, Santolina impressa, Armeria pungens, Pinus pinaster, and Thymus carnosus. Average annual temperatures range from 15.7 to 17.1 • C, while total annual precipitation is around 600 mm.
In 2016, when data collection occurred, flowering started at the end of January, and continued till April. Not all plants of A. longifolia were at the same stage of flowering: some did not develop any inflorescence, some plants showed inflorescences at a very early stage, some plants had fully developed inflorescences at different stages, from green buttons to yellowish buds, to flowers in full anthesis. These records fit with the phenology of this species, showing a very poor synchrony in populations growing in southern Portugal (Morais and Freitas, 2015) .
For the exclusion experiments, five A. longifolia plants were selected along a linear transect of about 400 m: plants were all showing branches with flowers at different levels of anthesis. On each plant, we selected branches with flower heads at the button stage (buttons still green; Fig. 1a) , removing any flower starting to expose its stamen and anthers. Branches were chosen at short distances, to ensure similar exposure and orientation to sun and surrounding environment. Branches were randomly assigned to the following treatments: noP, denoting that pollinators' visits were excluded by applying a 2 mm mesh bridal veil net covering the entire branch (Fig. 1b) ; noWP, denoting that the wind and pollinators were excluded by applying a non-woven mesh net (17 g m −2 ; Fig. 1b) ; and C, denoting a control without a net. Treatments were replicated three times on each of the five plants (45 branches in total). Nets were put in place on 1-2 February 2016, controlled every 10 days, and removed on 30 May 2016. Before putting on the net, each branch was measured for its total length, and the total number of inflorescences counted. Removal occurred by cutting the whole branch, when pods had grown but did not yet open. This way we did not lose any seed produced. Number of pods and seeds were counted in the laboratory.
Preliminary observations listed insects on inflorescences: they belonged mainly to Hymenoptera (Apidae, mostly Apis mellifera and Bombus sp.; Vespidae and Formicidae). A few Coleoptera (Scarabeidae; Curculionidae, Bruchidae) and Diptera (mainly Syrphidae) were also observed. We decided to focus on the honeybee, being more frequent and already indicated as an acacia pollinator. Honeybee survey took place along a linear transect of about 100 m, on 30 January 2016, from 17 to 22 February 2016, and from the 17 to 24 April 2016. Each day we randomly selected from 3 to 10 plants with flowers in anthesis and checked for the presence of bees active on flower heads or phyllodes twice a day. Honeybee foraging activity is strongly related to the resource collected, pollen (Fig. 1c) or nectar (Fig. 1d) . Acacia longifolia shows extrafloral nectaries (EFN) on the margin of phyllodes: nectar foragers inspect phyllodes, and may enter in contact with flower heads while moving from one phyllode to the next. When collecting pollen, pollen foragers movements are mainly among flower heads; yet, some phyllodes are visited as nectar has to be added to the pollen to pack it on the corbiculae. From 29 to 31 January 2016 we recorded the behaviour of 80 honeybee individuals on A. longifolia plants with fully developed inflorescences. Honeybee individuals belonged to A. mellifera iberiensis, smaller in size and darker in colour than other subspecies of A. mellifera (Bouga et al., 2011) . Observations were performed from 09:00 to 17:00 LST, in sunny conditions. We employed focal observations, i.e. followed individual bees by sight as long as possible, recording the resource collected, the number of inspected EFN, and the number of flower heads touched by the bee body while collecting the resource (nectar on EFN or pollen). Data were normalized by total time (in hundreds of seconds) each bee was followed, and the number of inspected EFN and contacted flower heads per minute were obtained by multiplying accordingly. Finally, we randomly collected 10 individuals and with the help of a stereo-microscope we checked for the presence of polyads on different parts of the bee bodies.
Data were explored and statistically investigated with the help of SPSS (IBM, version 24). We used parametric statistics when conditions were fulfilled. Averages are reported with the standard deviation. ANOVA was performed to investigate differences among the mean of categories and groups, but when equal variances were not assumed we checked our results, applying Games-Howell post hoc tests. Nonparametric statistics (Kruskal-Wallis and Mann-Whitney tests) have been applied for data with different number of samples. The t test was applied to analyse mean in two independent groups, and χ 2 for counts.
Results
The length of the branches, chosen for exclusion experiments, varied between 21 and 73 cm (average: 36.97 ± SE 1.58; n = 45). Accordingly, the number of flower heads varied between 23 and 91 (average: 57.31 ± SE 2.21; n = 45). No statistical differences emerged among categories at the level of each single plant and, similarly, variability was not significant when investigated at the level of the three categories (branches: ANOVA df = 2, f = 2.117, p = 0.133; flower heads: ANOVA df = 2, f = 0.094, p = 0.111). We then proceeded in analysing the results of pods and seed production combining data from all trees. Among the three categories of C (control), noP (no pollinators) and noWP (no wind and no pollinators), there was no statistical difference in the number of pods (Kruskal-Wallis χ 2 = 1.055, df = 2, p = 0.590). The number of seeds per pod was instead significant (Kruskal-Wallis χ 2 = 16.936, df = 2, p = 0.0001; Fig. 2 ). The open pollination (C) produced consistently more seeds per pod than the insect exclusion treatment (noP) (Mann-Whitney U = 7, z = −2.733, p = 0.006). On average, 7.24 ± SD 2.02 seeds (C) vs. 4.20 ± SD 1.41 seeds (noP) when wind, but not pollinators, was allowed to contribute to seed set. When also wind was excluded (noWP), the average number of seeds per pod falls to 2.72 ± SD 0.78, the difference with the open pollination (C) is even more consistent (Mann-Whitney U = 2, z = −3.628, p = 0.000). Most interesting, seed set from wind pollination (noP) was significantly higher than seed set from spontaneous selfpollination (noWP) (Mann-Whitney U = 13.5, z = −2.099, p = 0.036), indicating wind's contribution to seed set.
Honeybees were somehow less abundant on A. longifolia. Out of 174 surveyed plants, honeybees were recorded only on 36.21 %. This is statistically different from what could be expected randomly (equal chance of recording bees or not; χ 2 = 13.241, df = 1; p = 0.0003). Similar frequencies emerged when analysing data separately for February and April, confirming a non-random distribution. On a daily basis, honeybee frequency was higher in the morning (60.3 %) and lower in the afternoon (39.7 %), this trend was not deemed statistically significant (χ 2 = 2.683, df = 1; p = 0.102).
Out of 10 honeybee individuals collected and checked for pollen grains on their body, only one did not show polyads. The remaining nine bees were carrying polyads, on an ordinal scale from rare to abundant, on different parts of their body. Pollen grains were most frequently observed on the hind legs (even out of corbiculae; 90 % of samples); other body parts frequently bearing pollen grains were abdomen and head (50 and 40 %, respectively), more rarely wings and mid-legs (30 %), and very rarely thorax and forelegs (10 %).
Activity was negatively influenced by wind, frequent especially in the afternoon: bees often lost stability and flew away instead of continuing flower visits. The average number of flower heads per minute, touched by bees foraging on flowering plants, according to the resources gathered, as well as the average number of phyllodes per minute, is reported in Table 1 . Data on phyllodes sustain the division of honeybees in the two groups, nectar and pollen foragers. In fact, nectar foragers visit a significantly higher number of phyllodes per minute than pollen foragers (t test, t = 3.753, df = 78, p = 0.000). As expected, they also contact flower heads while foraging, as do pollen foragers: there is no difference in the average number of flower heads per minute (t test, t = −0.608, df = 78, p = 0.545) touched by foragers belonging to the two groups. Even if observations were carried out in front of plants with the majority of inflorescences fully developed, focal observations detected 14 nectar foragers and 1 pollen forager visiting EFN also on branches without inflorescences: 15.4 % of all visited phyllodes. As expected, the average number of contact with flower heads decreases for nectar foragers if also considering visits to non-flowering branches (7.93 ± SE 2.05 flower heads min −1 ).
Discussion
In acacias, less than 1 % of flowers produce a seed pod and the number of seeds is also not fixed. In A. longifolia, Kenrick and Knox (1982) found up to 12 seeds per pod as a result of open pollination in Australia, while we found 10 seeds and Correia et al. (2016) found less than 6 seeds in Portugal. Acacia is a genus that invests a lot of resources in massive flowering (Gibson et al., 2011) . Acacia longifolia flowering branches are very abundant on a given plant, and number of inflorescences and flower heads and flowers are impressive (Tybirk, 1997; Fernandes et al., 2015) . This fully recalls what is generally observed in anemophilous species. Regardless, when number of flowers will not be taken as a normalizing factor, the overall seed production is instead considered very high. Acacia sp. are known to produce a huge seed crop, which has been appointed as a key factor in their invasiveness ability (Kenrick, 2003) . As already mentioned in the introduction, unfortunately too many gaps in the literature still exist to provide an understanding of why, on the one hand, anemophily as a syndrome reveals precise pollination mechanisms and mechanics (Ackerman, 2000) , and on the other hand, there is an apparent waste of flowers when compared with the computing seed set. In our experiment, the open pollination seed set was consistently higher than that obtained excluding pollinators but allowing wind, and a statistically significant trend emerged from the exclusion of the wind. In addition, a single polyad can be accommodated in the cup-like structure of the pistil (Kenrick, 2003) thus it is potentially able to fertilize all the ovules in a single pollination event (Kendrick and Knox, 1982) . Vroege and Stelleman (1990) found an as yet unpredicted contribution of wind from exclusion experiments on two species of entomophilous Salix, defining them as ambophilous. Our exclusion experiments also showed that seed set in A. longifolia is the result of mixed pollination system (i.e. ambophily), where both wind and insects play a role. When checking for pollinators on a given plant species, we may easily incur overestimation in collecting numerical data without weighting them against an ethological approach. Previous records on A. longifolia pollinators were possibly affected in this sense. The sampling methods adopted may easily overestimate insects pollinating the flowers, including those simply visiting them but rarely constant in visitation rates and successful in pollen transfer. Both the report of Silva (2012) and included many visiting but not pollinating insects, as is the case of ants or the house fly. A long list of insects could then possibly be ascribed to the list of commensalists, benefiting from a (relatively new) food source to which they (mainly) rarely benefit and neither harm nor help. Bernhardt (1987) recorded the honeybee and Lasioglossum sp. as the main pollinators of acacias, but evolutionarily speaking we should be concerned about the fact that the honeybee is an alien species in Australia, and that no clear evolutionary trend towards a pollination strategy involving bees emerged in that study. Moreover, at our latitudes, the flowering boom occurs at the end of the winter, when average temperature can seldom be prohibitive for flying activity of insects. Even the strong winds are posing limits to flying ability of bees. We recorded individuals failing to collect the resource because of sudden gust of wind. The behaviour of the honeybee on A. longifolia is partly as it would be expected. The plant provides large quantities of pollen, and foragers can concentrate their visits on few flower heads to fill the pollen baskets. As each flower head is especially rich in its number of flowers and stamens, pollen foragers can probably complete their collection after visiting a relatively small number of flowers. This would justify the absence of significant differences in the number of flower heads touched by pollen and nectar foragers. The former need to pay visits to few flowers the latter come into contact with a similar number while visiting EFN. The plant provides nectar, an extra resource, even if on EFN. Honeybees learned where it is and visited numerous phyllodes. Notwithstanding the position of EFN is disconnected from the inflorescence, in many cases closeness is enough to ensure a contact between the bee body and the flowers. This was proved by focal observations of foraging bees and by data on pollen presence on nectar foragers' bodies. Usually, EFNs are mainly considered as being associated with defence carried out against ants (Grasso et al., 2015) , with peaks of nectar production related to attacks by phytophagous insects (Carrillo et al., 2012) . Acacia is a genus with the majority of species showing EFN (Weber and Keeler, 2012) . For some of these, it has been assumed that EFN production is related to pollination as a means to enhance attraction to flowers A. longifolia is one of these species (Thorp and Sugden, 1990) . We can confirm this resource to be actively sought after by honeybees, but since A. mellifera foragers are devoted daily to the collection of a single resource, the association of nectar production to flowering has yet to be disentangled. We observed nectar foragers visiting EFN on phyllodes not associated with inflorescences (elsewhere it should be discussed why these phyllodes are producing nectar), and this behaviour reduced the average number of inflorescences touched. Furthermore, honeybee frequency on plants is lower than what would be expected, as seen in the results of the study conducted by . Even if the honeybee can nowadays be considered a (frequent, good) pollinator of acacias, it may not be the evolutionarily chosen or even the most effective pollination mode. The honeybee can count on its behavioural plasticity to overcome handling inconveniences, including those associated with anemophilous species that lack a suitable landing surface (Giovanetti and Aronne, 2011) . We then may expect the ubiquitous honeybee to be recorded on such inflorescences, as it was the case in the A. longifolia home range (Bernhardt, 1987) , or on other acacias in invaded areas (Giovanetti et al., 2014 (Giovanetti et al., , 2015 Giuliani et al., 2016) .
Ambophilous species may enhance their pollen transfer by addressing abiotic and biotic vectors, especially when pollinator activity varies over space or time (Culley et al., 2002) and advantages have been predicted in very different environments, from alpine to tropical (Duan et al., 2009; Yamasaki and Sakai, 2013 ). Understanding pollination modes can then give important insight on pressing current and future environmental issues, especially as the invisibility pathways and expansion processes associated with invasive alien species discussed in this paper. However, it remains to be determined whether ambophily in Acacia represents a stable or transitional strategy. It is undoubtedly of help in invaded areas, and if wind would turn out to be seldom more important than insects, it may justify the incredible aggressiveness showed by this species in Portugal, especially on the coasts, and even allow to further discussion of evolutionary changes from entomophily to ambophily or even anemophily.
Data availability. Data are not publicly accessible in their present form, but can be shared by the authors upon request.
